Calanus finmarchicus egg production at its northern border by Møller, Eva Friis et al.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 18, 2017
Calanus finmarchicus egg production at its northern border
Møller, Eva Friis; Bohr, Magnus; Kjellerup, Sanne; Maar, Marie; Møhl, Malene; Swalethorp, Rasmus;
Nielsen, Torkel Gissel
Published in:
Journal of Plankton Research
Link to article, DOI:
10.1093/plankt/fbw048
Publication date:
2016
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Møller, E. F., Bohr, M., Kjellerup, S., Maar, M., Møhl, M., Swalethorp, R., & Nielsen, T. G. (2016). Calanus
finmarchicus egg production at its northern border. Journal of Plankton Research, 38(5), 1206-1214. DOI:
10.1093/plankt/fbw048
Journal of
Plankton Research plankt.oxfordjournals.org
J. Plankton Res. (2016) 00(00): 1–9. doi:10.1093/plankt/fbw048
Calanus ﬁnmarchicus egg production at its
northern border
EVA FRIIS MØLLER1,2*, MAGNUS BOHR3,4, SANNE KJELLERUP3,5, MARIE MAAR1, MALENE MØHL3, RASMUS SWALETHORP3
AND TORKEL GISSEL NIELSEN3,5

DEPARTMENT OF BIOSCIENCE, AARHUS UNIVERSITY, DENMARK, ARCTIC RESEARCH CENTER, AARHUS UNIVERSITY, DENMARK, SECTION FOR MARINE ECOLOGY
AND OCEANOGRAPHY, NATIONAL INSTITUTE OF AQUATIC RESOURCES, TECHNICAL UNIVERSITY OF DENMARK, DENMARK, INSTITUTE OF BIOLOGY, UNIVERSITY
OF SOUTHERN DENMARK, DENMARK AND GREENLAND CLIMATE RESEARCH CENTRE, GREENLAND INSTITUTE OF NATURAL RESOURCES, GREENLAND
*CORRESPONDING AUTHOR: efm@bios.au.dk
Received November 19, 2015; accepted June 4, 2016
Corresponding editor: Roger Harris
How the distribution of Calanus ﬁnmarchicus and its potential northward expansion will be affected by climate changes
depends on the mechanisms and processes constraining their reproduction, recruitment and survival. Here we pre-
sent measurements of C. ﬁnmarchicus egg production rates during the spring bloom in 2008, 2010 and 2011 in Disko
Bay, West Greenland and validate four independently derived metabolic models to predict egg production rates.
The spring bloom in 2008 was short and intense and supported lower cumulated speciﬁc egg production of C. ﬁn-
marchicus than the longer blooms with lower peak biomass in 2011 and 2012. The models predicted different timing
of initialization and development of egg production rates based on phytoplankton biomass and temperature and
model performance varied from ‘poor’ to ‘very good’. Phytoplankton biomass controlled the changes in egg produc-
tion rates during the spring in Disko Bay, while the low temperature in the Bay explained why the egg production
rate here is much lower than at more southerly localities despite high food concentrations. This study suggests that
an increase in magnitude of the Arctic phytoplankton spring bloom will not result in increased copepod egg produc-
tion, whereas a longer bloom and increasing temperatures will.
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INTRODUCTION
The copepod Calanus ﬁnmarchicus is a key species in the
North Atlantic, but also inhabits Arctic areas (Hirche
and Kosobokova, 2007; Swalethorp et al., 2011;
Beaugrand et al., 2013). It is an important prey for
many species of ﬁsh (Gaard and Reinert, 2002; Gislason
and Astthorsson, 2002; Ringuette et al., 2002), and it has
been suggested that changes in its standing stock are
responsible for variations in the cod stock (Beaugrand
et al., 2003). The center of distribution is the North
Atlantic subarctic gyre, although a northward extension
of the species has been associated with increasing
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temperatures (Beaugrand et al., 2013). How far north C.
ﬁnmarchicus can spread in the future depends on the
mechanisms and processes constraining their reproduc-
tion, recruitment and survival.
To understand how pelagic ecosystems will change in
the future, knowledge about how climate-mediated
changes will propagate through the food chain is essen-
tial. C. ﬁnmarchicus is an income breeder (Runge and
Plourde, 1996; Varpe et al., 2009), i.e. eggs are pro-
duced based on what they consume, in contrast to cap-
ital breeders that depend on stored energy for egg
production. Thus, for C. ﬁnmarchicus we expect a strong
link between food availability and egg production.
Generally, the grazing rate of copepods is inﬂuenced by
temperature, food concentration and body size (Saiz
and Calbet, 2007), as well as by turbulence, prey type
and size and predator avoidance (Saiz and Kiørboe,
1995; Titelman and Kiørboe, 2003). Temperature and
food concentration are routinely measured during moni-
toring of marine ecosystems, whereas the latter are
more difﬁcult to obtain.
Here we investigate the egg production rates of C. ﬁn-
marchicus at the northern part of its distribution in Disko
Bay (Western Greenland), during the spring phytoplank-
ton bloom in 3 different years. We then examine how
the egg production rate during the phytoplankton spring
bloom can be predicted from routine monitoring para-
meters like temperature and food concentration
(Chlorophyll a) tested for four different versions of a
model developed for C. ﬁnmarchicus previously applied to
the North Sea (Møller et al., 2012; Maar et al., 2013).
METHOD
Measurements of egg production rate in
Disko Bay
The seasonal succession of temperature, salinity, ice cov-
er, phytoplankton (in terms of Chl a and ﬂuorescence)
and egg production rates of C. ﬁnmarchicus were mea-
sured in Disko Bay, western Greenland, at a 300 m
deep monitoring station (69° 14N, 53° 23W) in 2008,
2011 and 2012. Data from 2008 on these variables and
female individual biomass were published in Swalethorp
et al. (2011).
From March to May, sampling was carried out once
a week; during the phytoplankton spring bloom sam-
pling was intensiﬁed to every 2–5 days. Before the
break-up of sea ice, sampling was carried out through a
hole in the ice at approximately the same location
depending on ice conditions, and after sea ice break-up
from the R/V Porsild (Arctic station, Copenhagen
University). Salinity, temperature and ﬂuorescence were
measured with a Seabird CTD (SBE25-01). Data on sea
ice coverage was provided by the Copenhagen
University Arctic Station monitoring program (Hansen
et al., 2006). Seawater samples to measure Chl a concen-
tration were collected at 1, 20 and 50 m, and at the
depth of the ﬂuorescence maximum using Niskin bottles.
Total Chl a was determined by ﬁltratering 100–250 mL
of seawater in triplicate per depth onto GF/F ﬁlters. In
addition, at 1 m, the ﬂuorescence maximum and 50 m,
extra triplicates were ﬁltered onto 10-µm ﬁlters. Filters
were extracted in 5 mL 96% ethanol for 24 h (Jespersen
and Christoffersen, 1987) and measured ﬂuorometrically
before and after acidiﬁcation on a Turner ﬂuorometer
(TD-700) calibrated against a Chl a standard. Chl a was
averaged in 0–50 m after a trapezoid integration.
C. ﬁnmarchicus females were sampled in the upper 100m
using a 200 µm mesh size WP-2 net with a large non-
ﬁltering cod-end. After sampling, copepods were quickly
transferred to buckets submerged in thermo-boxes ﬁlled
with seawater. Within 2–4 h of collection adult females
were sorted in Petri dishes kept in ice-ﬁlled trays under a
dissecting microscope and 15–20 females were incubated
individually in 600mL polycarbonate bottles. The bottles
were ﬁlled with 45-µm screened sea water from the depth
of maximum ﬂuorescence, and incubated in thermos-
boxes ﬁlled with ice and water. Temperature was kept at
0°C by addition of ice, and the temperature was logged
every 15min. After incubation (~48 h) the content of the
bottles were ﬁltered onto a 45-µm ﬁlter, eggs were counted
and female length recorded. The egg production rate (EP,
egg female−1 d−1) and speciﬁc egg production rate (SEP,
µgC µgC female−1 d−1) was calculated assuming a carbon
egg content of 0.21 µg C, and using a copepod C-weight
to length regression based on measurements carried out in
2008 (Swalethorp et al., 2011).
Prediction of grazing and egg production
Grazing expressed as weight-speciﬁc ingestion [gi (µgC
prey) (µgC copepod)−1 d−1] is predicted by maximum
weight-speciﬁc ingestion (Imax (µgC prey) (µgC cope-
pod)−1 d−1), and the dependency of ingestion on tem-
perature (f1) and availability of food (f2):
= ⋅ ⋅ ( )g I f f1 2 1i max
Thus, the functions f1 and f2 (ratios from 0 to 1) express
how much Imax is reduced due to sub-optimal tempera-
ture and food conditions, respectively.
The response of ingestion rates to temperature (T, in
Celsius) was described by a parabolic threshold function
(Kooijman, 2000), where P1 and P2 are the lower and
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upper boundaries of the tolerance range, and P3 and P4
are the Arrhenius temperatures for the rate of the
decrease at both respective boundaries. P5 is a coefﬁ-
cient applied after the ﬁtting procedure to set the max-
imum to 1.
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Parameter values for the model have been described
and validated previously for C. ﬁnmarchicus (Table I). The
temperature in our incubations was held constant at
0°C, and f1 was therefore 0.21 in all cases (Møller et al.,
2012).
The dependency of ingestion on food concentration
(F, µg Chl a L−1) is described by a Type 3 functional
response (Gentleman and Neuheimer, 2008):
=
( + )
( )f F
F K
2 3
m
2
2 2
where Km (µg Chl a L
−1) is the half saturation coefﬁcient.
Predictions of speciﬁc egg production rate (SEP, d−1)
were tested for four different models (Table II) based on
the grazing estimate in equation 1 and estimated as
follows:
= ⋅ ⋅( − )⋅ ( )SEP g AE P1 R 4i a egg
where Ra (µgCresp µgCingested
−1) corresponds to the frac-
tion of ingested carbon consumed by metabolic costs
associated with feeding and assimilation, AE is the
assimilation efﬁciency, and Pegg is the proportion of the
assimilated food that is used for egg production.
Model 1: The ﬁrst model was based in the original
parameterization of Km and Imax (Table I) by Møller et al.
(2012), where Pegg was set to 1, i.e. this implies that the
female biomass is kept constant, at the average mea-
sured carbon weight from 2008 (137 µgC female−1).
Model 2: this is a ﬁne tuning of the grazing parameters
in Model 1. The half-saturation constant depends on
food type and size composition and it is often necessary
to recalibrate Km to the given conditions (Møller et al.,
2012). Therefore, the Km was recalibrated in order to try
to obtain a better match with the timing of egg
production.
Models 3 and 4: Egg production rates have been shown
to increase during the spring bloom with a delay relative
to grazing measured as fecal pellet production
(Swalethorp et al., 2011). At the same time, an increase
in female carbon weight takes place (Swalethorp et al.,
Table I: Parameter values for the model to predict egg production
Parameter Reference
Maximum ingestion (µgC prey) (µgC copepod)−1 d−1 Imax 0.41 Møller et al. (2012)
Half saturation µg Chl a L−1 Km 1 Møller et al. (2012)
Temperature threshold Kelvin P1 293 Møller et al. (2012)
Temperature threshold Kelvin P2 284 Møller et al. (2012)
Temperature threshold Kelvin P3 13 282 Møller et al. (2012)
Temperature threshold Kelvin P4 29 725 Møller et al. (2012)
Normalize factor P5 6.06
a Møller et al. (2012)
Assimilation efﬁciency µgC (µgC ingested)−1 AE 0.65 Møller et al. (2012)
Active metabolism µgC (µgC ingested)−1 Ra 0.25 Møller et al. (2012)
Basal metabolism µgC (µgC biomass)−1 d−1 Rb 0.004 Møller et al. (2012), Maps et al. (2014)
Biomass by Jan. 1 µgC copepod−1 Bini 142 This study
Initial biomass µgC copepod−1 Bmin 87 This study
Maximum biomass µgC copepod−1 Bmax 202 This study
aMøller et al. (2012) erratum from earlier value of 5.72.
Table II: Model descriptions and performance of model predictions for speciﬁc egg production rate using
correlation analysis and the Nash Sutcliffe Model efﬁciency (ME)
Model Description Km Imax Pegg Chl a R
2 ME Performance
1 Original 1 0.41 1 Total 0.47 −0.26 Poor
2 Km modiﬁed 3.05 0.41 1 Total 0.43 0.24 Good
3 Pegg modiﬁed Chl a > 10 µm 1 0.41 variable >10 µm 0.55 0.47 Good
4 Pegg modiﬁed Total Chl a 1 0.41 variable Total 0.61 0.59 Very good
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2011). We therefore include a dependency on female
weight in the modelling of the weight-speciﬁc egg pro-
duction by modifying Pegg.
Pegg varies with the biomass of the females (B, µgC).
Egg production is initiated when the individual female
biomass reaches a certain threshold (Bmin, µgC) and
increases until an upper threshold is reached and all car-
bon is allocated to eggs (Bmax, µgC).
  =       <
=          ≤   ≤  
  =         >   ( )
(  –  )
( − )
P for B B
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The assimilated carbon not used for egg production is
allocated for somatic growth, and the resulting change
in body mass depends on grazing, egg production and
respiration:
( )= ⋅ ⋅ ⋅( − ) − − ( )dB
dt
B g AE SEP1 R R 6i a b
where Rb (µgCresp µgCcopepod
−1 d−1) is the basal respir-
ation (deﬁned here as metabolic costs of non-dormant
copepods in the absence of food), which at 0°C is
assumed to be 0.007 µgCresp µgCcopepod
−1 d−1 (Maps
et al., 2014).
Bmin, Bmax and the biomass at the beginning of the
year (Bini, µgC) was estimated by ﬁtting the model to the
measurements of female biomass from 2008
(Swalethorp et al., 2011) by applying a Generalized
Reduced Gradient Algorithm (Excel) for optimizing
nonlinear problems (Fig. 1). Model 3 considered only
large phytoplankton, i.e. Chl a concentrations >10 µm,
whereas Model 4 considered total Chl a concentrations.
The performance of the four suggested models was
tested against all available data using Pearson correl-
ation analysis (R2, α = 0.05) as a measure of the model
capability to catch the seasonal variability. In addition,
the Nash Sutcliffe Model Efﬁciency (ME) was used to
estimate the predictive power of the model (Nash and
Sutcliffe, 1970), which is a measure of the ratio of the
model error to the variability of the data and hence:
= −
∑ ( − )
∑ ( − ̅)
( )=
=
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D M
D D
1 7n
N
n
N
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1
2
where D is the observational data, M is the model data
and the overbar indicates the average of the observed
data, N is the total number of data pairs and n is the nth
comparison. Performance levels are assessed as follows:
>0.65 excellent, 0.50–0.65 very good, 0.20–0.50 good,
and <0.20 poor (Allen et al., 2007).
RESULTS
In situ measurements in Disko Bay
In 2008, Disko Bay was ice covered for 4.5 months until
the end of April. After the sea ice break up, the spring
bloom developed quickly (Fig. 2) and an increase from 1
to 15 µg Chl a L−1 was observed in just 5 days. The Chl
a concentration then remained at this level for about 2
weeks followed by a sharp decrease (Fig. 2). Maximum
egg production rates (10–16 eggs female−1 d−1, up to
0.03 µgCegg µgCfemale
−1 d−1) were observed about one
week after the bloom peaked.
In 2011, the sea ice cover was unstable and the
bloom started earlier (Fig. 2). The maximum Chl a level
(11 µg Chl a L−1) was lower than in 2008, but stayed
high for about a month (Fig. 2).
In 2012, the ice cover was coherent until mid-April;
later until mid-May a lot of drift ice was present. The
phytoplankton bloom started when the ice broke and
lasted until mid-May (Fig. 2).
Egg production rates were more variable in 2011 and
2012 than in 2008, but they remained high for a longer
period (Fig. 2). The maximum egg production rate was
27 and 36 eggs female−1 d−1 (up to 0.06 µgCegg
µgCfemale
−1 d−1) in 2011 and 2012, respectively. During
the main bloom (end of April to mid-May) the cumu-
lated egg production in 2011 and 2012 was more than
twice as high as in 2008 (Fig. 3).
In all years, the in situ temperature in the upper 50 m
of the water column was below 0°C during the bloom
and until the end of May, when the surface layer was
warming (Fig. 2).
Fig. 1. Individual biomass of female Calanus ﬁnmarchicus (µgC) mea-
sured in 2008 in Disko Bay ± SE (Swalethorp et al., 2011) and mod-
elled biomass (Model 4).
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Model predictions of female biomass and
egg production
Model 4, which considered increase in female biomass
and total Chl a concentrations, showed the best ﬁt to the
data (Table II, Fig. 3). The model performance was ‘very
good’ (ME = 0.59) according to the ME criteria and
reproduced (R2 = 0.61) the overall seasonal pattern
although the measured egg production rates were quite
variable (Fig. 2). The timing of the initiation of the egg
production was particularly well reproduced by the mod-
el. Total Chl a was a better predictor of egg production
than the Chl a fraction larger than 10 µm used in Model
3 with ‘good’ performance (R2 = 0.55, ME = 0.47).
When all ingested carbon was allocated directly to
egg production using the original grazing equation
(Pegg = 1, Model 1), the modelled cumulated egg production
rate doubled, and the modelled initiation of the egg pro-
duction occurred about 2 weeks earlier (Fig. 3). This did
not agree with the observations and the model perform-
ance was found to be ‘poor’ (ME = −0.26, R2 = 0.47).
Model 2 with constant female biomass (Pegg = 1) was
recalibrated to the egg production data by changing Km
(3.05 µg Chl a L−1). Thereby the modelled onset of egg
production and cumulated egg production improved in
comparison to Model 1 and the model performance was
considered as ‘good’ according to the ME criteria (ME
= 0.24) and with R2 = 0.43 (Table II and Fig. 3).
However, the gradual response in egg production seen
in the measurements and Model 1 to the changing Chl
a concentration was not reproduced (Fig. 3).
Fig. 2. (a)–(c) Ice cover (%), temperature at 20 m, (d)–(f) integrated (0–50 m) concentration of total and >10 µm Chl a (μg L–1), (h)–(j) Calanus
ﬁnmarchicus measured (±SE) and modelled speciﬁc egg production rate (SEP, µg C µg Ccopepod
−1 d−1) and (k)–(m) the potential limitation of tem-
perature (f1) and total Chl a (f2) on grazing (Equations 1–4).
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Model predictions of limiting factors for
grazing rates during the spring bloom
In all models, egg production rate ultimately depends
on grazing of phytoplankton biomass, i.e. in models 1, 2
and 4 on total Chl a and in model 3 on Chl a >10 µm.
Model 4 suggests that before initiation of the phyto-
plankton bloom, grazing will be more limited by food
concentration (f1 = 0) than by temperature (Fig. 2).
During the peak of the bloom with Chl a concentrations
above ~4 µg Chl a L−1 (f1 > 0.95), the grazing is in con-
trast food saturated, and increasing food concentration
will not result in an increase in the grazing rate of more
than a few percent. On the other hand, an increase in
temperature of, e.g. 1°C during this period will lead to
an increase in grazing rate of ~20% (Equations 1–3,
Fig. 2). The period with food saturation was 16, 35 and
21 days in 2008, 2011 and 2012, respectively. The dur-
ation may even be longer in 2011 and 2012, because we
stopped sampling before the bloom had quite ended.
DISCUSSION
Seasonal conditions and C. ﬁnmarchicus
success
During the spring bloom, C. ﬁnmarchicus was food satu-
rated. A short and intense phytoplankton bloom as in
2008 fuelled a lower cumulated egg production than longer
lasting blooms as in 2011 and 2012. Thus, even though
total new phytoplankton production was similar during the
3 years (Nielsen et al., personal comment), the different
bloom durations caused distinctively differences in the peri-
od where C. ﬁnmarchicus could maintain maximum egg pro-
duction rate. Whether these higher egg production rates
will transform into higher secondary production will obvi-
ously depend on factors inﬂuencing the standing stock such
as mortality and advection. For example, the average
Calanus spp. biomass during the spring was 10 times higher
in 2008 than in 2005 (Madsen et al., 2008; Swalethorp et al.,
2011). In the future, we assume that the production pattern
will resemble 2011 and 2012 with less ice and/or recurrent
wind mixing of the upper layer and a prolongation of the
bloom. If in addition, temperature increases, this will amp-
lify the positive effects on the cumulated egg production.
The temperature function in the models predicts that
C. ﬁnmarchicus can produce eggs at about 15–20% of
their maximum rate at −1.7 to 0°C (Equation 3). The
predicted rates agree with those measured (Fig. 2), and
the temperature response observed in laboratory
(Hirche et al., 1997; Kjellerup et al., 2012). Hence, even
in high Arctic areas reproduction should be able to sus-
tain the population. However, a northward expansion
will also depend on the ability of C. ﬁnmarchicus to com-
plete development from egg to the overwintering
Fig. 3. Comparison of the measurements of Calanus ﬁnmarchicus egg production rate and the four different models setup tested (Table II) (a)–(c)
is carbon speciﬁc egg production rate (SEP, µg C µg C copepod
−1 d−1) and (d)–(f) is the cumulated speciﬁc egg production (cumSEP, µg C
µg Ccopepod
−1) during the spring in Disko Bay 2008, 2011 and 2012.
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copepodite stage CV and to build up the lipid reserves
needed for overwintering (Ji et al., 2012).
In the Greenland Sea, C. ﬁnmarchicus females were able to
reproduce at subzero temperatures, but only if sufﬁcient
food was present. Younger developmental stages were only
present in areas where they or overwintering stages could
have been advected from Atlantic waters suggesting that an
overwintering population was not present (Hirche and
Kosobokova, 2007). It has been suggested that even if C. ﬁn-
marchicus produce eggs at subzero temperatures, nauplii may
not be able to develop (Hirche and Kosobokova, 2007).
Recent experiments have, however, shown that at least at
0°C the development rates of the nauplii stages were not
different from what could be extrapolated from experiments
carried out at higher temperatures (Grenvald et al., 2012;
Jung-Madsen and Nielsen, 2015). In Disko Bay, the ﬁrst
copepodite stages appear in May when temperatures are
still below 0 (Madsen et al., 2001; Swalethorp et al., 2011).
During summer the population takes advantage of the up
to 7–8°C in the surface layers (Madsen et al., 2001) and a
local C. ﬁnmarchicus population can be sustained (Madsen
et al., 2001). Such relatively high surface summer tempera-
tures are often found in stratiﬁed arctic waters (Sejr et al.,
2011; Flint et al., 2015).
Model performance
Model 4 presented here allows prediction of egg pro-
duction rates of C. ﬁnmarchicus from temperature and
food concentration (total Chl a) during the spring bloom
in Disko Bay. This appeared possible despite the differ-
ent meteorological and ice conditions in the 3 years of
the study, and though the parametrization of the model
was implemented for the North Sea (i.e. at the southern
border of the C. ﬁnmarchicus distribution; Møller et al.,
2012; Maar et al., 2013). This may suggests a broad
usage of the model across the habitats occupied by C.
ﬁnmarchicus using this relatively simple parametrization.
Some points to consider are described below.
One critical point is that initiation of egg production
seems to be delayed if females are not fat enough when
the spring bloom starts, i.e. that they need to feed to
ﬁnalize gonad development. The weight of the females is
known to vary across the spatial scale (Head et al.,
2013b), e.g. due to temperature or food conditions
(Campbell et al., 2001; Forster et al., 2011). Thus, a stand-
ard weight cannot necessarily be applied everywhere, and
knowledge of the local conditions are necessary.
In the present study, carbon measurements from
2008 clearly showed an increase in individual female
biomass before egg production started (Fig. 1). Hence,
the model needed to include allocation of the ingested
carbon to biomass to describe the observed increase in
female biomass, but also to describe the timing of egg
production. If all ingested carbon was assumed to go
directly to egg production (Model 1), the modelled egg
production would have started about 2 weeks earlier
compared to the observations. Furthermore, the mod-
elled cumulated egg production during the main bloom
(until mid-May) would more than double which is
clearly not in agreement with the measurements (Fig. 3).
If we did not allow some of the ingested carbon to be
allocated to female biomass increase, we needed to tri-
ple Km to get the right timing in egg production in
Model 2 (Fig. 3). Although this parametrization clearly
does not acknowledge the female biomass changes, it is
a way to achieve the right timing if unable to account
for the female biomass in the model. A Km of 3 is, how-
ever, high compared to in situ measurements across the
North Atlantic of C. ﬁnmarchicus egg production depend-
ency on Chl a (Melle et al., 2014). On the Georges
Bank, it was found to be ~0.5 µg Chl a L−1 (Runge
et al., 2006), while in the Labrador and Norwegian seas
it was found to be 0.9 and 1.3 µg Chl a L−1, respectively
(Head et al., 2013a). Few in situ studies have measured
ingestion directly. Based on fecal pellet production rates,
the half saturation for ingestion during the spring bloom
in Disko Bay 2001 was 0.4 µg Chl a L−1 > 10 µm (Juul-
Pedersen et al., 2006). These measurements were based
on short-term incubations (~2 h). In Disko Bay 2008,
fecal pellet production was recorded in the egg produc-
tion experiments (Swalethorp et al., 2011). However,
due to the long incubation time (~48 h) food may have
been limiting, particularly at the lowest phytoplankton
concentrations, and can therefore not be used to esti-
mate the half saturation constant. For Calanus glacialis/
marshallae in the Bering Sea a Km of 2.5 was found for
total Chl a at 0°C and ~1.5 for Chl a > 5 µm from bot-
tle incubations (Campbell et al., 2009). Modifying max-
imum ingestion rate, assimilation efﬁciency or active
respiration rate will have the same proportional effect
across temperature and food concentration (Table I).
Some studies have suggested that more southern popula-
tions of C. ﬁnmarchicus may, to some extent, produce eggs
before they start feeding in the spring (Plourde and Runge,
1993; Richardson et al., 1999). A potential explanation for
that could be that if an individual has sufﬁcient reserves left
after hibernation, gonad maturation and egg production
could start immediately. For example in the St. Lawrence
Estuary, about 20 % of the C. ﬁnmarchicus population was
able to produce eggs before the spring bloom without add-
ition of food (Plourde and Runge, 1993). In the same study,
a general decrease in the relative oil sac volumes before the
spring bloom and throughout the productive season was
observed. However, a delay in egg production after the
phytoplankton bloom started accompanied by 50%

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increase on the average oil sac volume was actually docu-
mented (Plourde and Runge, 1993), implying that although
some individuals were able to produce eggs without food,
the bulk of the population had to feed ﬁrst. This agrees
with the pattern documented in Disko Bay. During the
main bloom, when gonads are fully matured, we expect
the model to be able to predict egg production rates. Later
in the season, the females may decrease egg production
rate (Head et al., 2013b), and predictions from the model
may overestimate egg production. The model may be
improved by taking into account female condition, i.e. the
accumulated effect of previous feeding conditions.
In the present study, we used chlorophyll a as a proxy
for the available food. This will conceal underlying pre-
ferences for different phytoplankton species and omit
the protozooplankton fraction of the diet. However,
during the bloom protozooplankton biomass co-varies
with phytoplankton biomass, and as the copepods are
food saturated it will not affect the egg production rate
(Levinsen et al., 2000; Madsen et al., 2001). Outside
spring bloom events, it is more important to include
other prey types, e.g. protozooplankton (Levinsen et al.,
2000), and also consider that some part of the phyto-
plankton may not be available to copepods (Maar et al.,
2002). Particularly when copepods are not food satu-
rated, it is important to consider food quality and avail-
ability since the modelled egg production rates in this
situation will scale directly with the food concentration.
Another potential food source not included in the model
is ice algae. It is, however, unlikely that they are import-
ant in Disko Bay. During work on the ice, no ice algae
were observed. Furthermore, content of the dietary lipid
triacylglycerol in C. ﬁnmarchicus was low at the beginning
of the bloom in 2008 suggesting that the copepods had
not been feeding (Swalethorp et al. 2011).
Conclusion
To predict the success of C. ﬁnmarchicus in a changing cli-
mate, it is necessary to consider the combined effects of fac-
tors inﬂuencing reproduction, growth and survival. Our
study on reproduction shows that at subzero temperatures
C. ﬁnmarchicus can reproduce, but for the population to pre-
vail, the length of the productive season has to allow devel-
opment to the overwintering CV stage. Development time
depends both on temperature and food concentration, and
if temperature increases, development could be completed
within a shorter productive season. Furthermore, higher
temperatures would increase the egg production rate
(Hirche et al., 1997; Kjellerup et al., 2012). Copepods were
food saturated during the spring bloom in Disko Bay. This
means that an increase in the magnitude of the spring
bloom biomass will not affect egg production rates. On the
other hand, changes in the duration of the spring bloom
will translate into corresponding changes in the cumulated
egg production rates, as seen from the differences between
2008 and 2011/2012.
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